Abstract Tumor microenvironment (TME) is comprised of cellular and non-cellular components that exist within and around the tumor mass. The TME is highly dynamic and its importance in different stages of cancer progression has been well recognized. A growing body of evidence suggests that TME also plays pivotal roles in cancer treatment responses. TME is significantly remodeled upon cancer therapies, and such change either enhances the responses or induces drug resistance. Given the importance of TME in tumor progression and therapy resistance, strategies that remodel TME to improve therapeutic responses are under developing. In this review, we provide an overview of the essential components in TME and the remodeling of TME in response to anti-cancer treatments. We also summarize the strategies that aim to enhance therapeutic efficacy by modulating TME.
Introduction
Cancer progression is a very complicated process, involving both malignant cells and surrounding components. Although accumulation of genetic and epigenetic alterations initiates cancer, tumor microenvironment (TME) is a key regulator of cancer progression. Immune effector cells that infiltrate and accumulate at TME keep the malignant cells under surveillance. TME also forms "barriers" to restrain cancer cell invasion and metastasis. On the other hand, TME can be subverted by cancer cells to facilitate the malignant progression of cancer. For example, TME may develop a number of biochemical and biophysical characteristics that are conducive to tumor progression, such as high interstitial fluid pressure, hypoxia, acidosis, and increased extracellular matrix (ECM) stiffness [1] [2] [3] [4] . Moreover, TME negatively regulate immune effector cells by recruiting myeloid derived suppressor cells (MDSCs), tumor associated macrophages (TAMs), and regulatory T cells (Tregs) to provide an immunosuppressive niche for cancer [5] .
The crucial role of TME in cancer therapeutic responses has also been recognized. Given the profound crosstalk that exists between malignant cells and TME, therapies that aim to eliminate cancer cells often stimulate the remodeling of TME. Studies suggest that chemo-and radiotherapies could modulate TME to be more immunogenic and result in a synergistic tumor killing effect [6] [7] [8] . In contrast, during treatments, TME could protect tumor cells by creating "barriers" to prevent drug penetration or immune effector cell infiltration [9, 10] . Furthermore, TME could also be remodeled to mediate drug resistance by activating survival pathways in malignant cells upon treatments [11] . With growing knowledge of TMEmediated therapy resistance and the developing of nanotechnologies, approaches that increase therapeutic efficacy by remodeling TME are under developing. For instance, immune related therapies that aim to create a more immunogenic TME to enhance immune responses, and nanoparticles that modulate TME to increase the drug delivery efficiency have been successfully employed for cancer therapy [11, 12] .
In this review we summarize the major components of TME and their roles in tumor progression. We then discuss the treatment-induced remodeling of TME and the strategies that were applied to modulate TME to improve cancer therapy. many other non-transformed cells and secreted extracellular components. The crosstalk between malignant and non-transformed cells constitute the signaling milieu in the tumor microenvironment (TME), which is critical for tumor progression [13] . Non-transformed cells in TME include immune-related cells, fibroblasts, neuronal cells, endothelial cells and many other specialized stromal cells. Both the composition of TME and their functions are highly dynamic and diverse across different cancer types and disease stages. Here we highlight some of the key TME components and their positive or negative roles in tumor progression (Fig. 1) . As stromal cells often play context-dependent, and sometimes even opposite roles in different cancer types, we do not intend to provide a comprehensive summary of their diverse role in major cancer types. Rather, the descriptions below provide examples to illustrate their important functions in cancer progression.
Cellular components in the TME that suppress tumor progression
Tumor-infiltrating lymphocytes (TILs) are often found in TME, and the levels of TILs are usually correlated with the prognosis of cancers [14] . Different types of lymphocytes have distinct functions in TME. CD8 + cytotoxic T lymphocytes (CTLs) are normally activated by antigens and capable of killing tumor cells. Their presence at TME is strongly associated with good prognosis [15] . A metaanalysis based on research literature in PubMed and Embase that contain CTLs status and patient survival data concluded that CD8 + CTLs is a good prognosis factor for survival, with a hazard ratio of 0. 71 Schematic illustration of the major cellular and non-cellular components of TME that either promote (pink arrows) or inhibit (green "T" shapes) tumor progression. ECM, extracellular matrix; MDSC, myeloid derived suppressor cell; TAM, tumor-associated macrophage; Treg, regulatory T cell; CTL, cytotoxic T lymphocyte; NK, natural killer cell; CAF, cancer-associated fibroblast; TEC, tumor-associated endothelial cell; Th, CD4 + T helper lymphocyte; TIDC, tumor-infiltrating dendritic cell; TAN, tumorassociated neutrophil; TIL B, tumor-infiltrating lymphocyte B cell.
Numerous reports describe the presence of myeloidderived suppressor cells (MDSCs) in both murine and human TME [36, 37] . The main feature of MDSCs is their potent immune suppressive activity, which promotes tumor progression. MDSCs inhibit antigen-nonspecific, CD3/ CD28 mediated T cell proliferation, resulting in the suppression of immune responses in the TME [38] . Interestingly, elevated suppressive activity of tumor MDSCs was associated with a significant increase in the expression of genes associated with fatty acid oxidation [38] , which provide an insight into the mechanisms underlying MDSCs-mediated immune suppression.
Cancer-associated fibroblasts (CAFs) are highly heterogeneous and originate from different cells, such as resident fibroblasts, epithelia cells, endothelia cells or mesenchymal cells [39] . It is one of the most crucial components of the TME in promoting tumor growth, invasion, and metastasis. Studies indicated that CAFs produce and secrete many growth factors and cytokines such as TGF-β, hepatocyte growth factor (HGF), and fibroblast secreted protein-1 (FSP1) to support primary tumor growth [40, 41] . CAFs can also promote angiogenesis by secreting stromal derived factor1 (SDF-1) to recruit endothelial cell precursors (EPCs) [41] . Interestingly, SDF-1α (also known as CXCL12) binds to CXCR4 in tumors cells to directly stimulate cancer cell proliferation [42] . Moreover, CAFs may promote tumor growth through distinct pathways in different cancer types. For example, melanoma cells cannot produce insulin-like growth factor 1 (IGF-1) themselves to support tumor growth; instead, they rely on IGF-1 provided by surrounding CAFs [43] . In lung and prostate cancers, CAFs can respond to androgens to produce growth factors that induce epithelial proliferation [43, 44] . In addition to secreting growth factors, CAFs can behave like a mutagen to increase the tumorigenic ability of cancer cells. For instance, CAFs generate reactive oxygen species (ROS) under low pH and hypoxia environment which act as a mutagen to the surrounding cells [45, 46] . On the other hand, CAFs can also affect cancer cell growth by affecting their metabolic pathways [47] . It has been shown that chronic inflammation and cancer are closely related [48] . In mouse models of skin, breast and pancreatic tumors, CAFs express a proinflammatory gene signature, which contributes to the support of tumor growth by enhancing neovascularization and the recruitment of immune cells [42] .
Other than promoting primary tumor growth, CAFs in TME also increase tumor invasion and metastasis. CAFs promote cancer invasion by secreting various matrixdegrading proteases as well as their activators such as uPA [49] . uPA can cleave matrix metalloproteinase (MMPs) to activate these proteins, and upregulation of MMPs activity results in significant extracellular matrix (ECM) degradation, which contribute to angiogenesis and metastasis [50] .
Tumor endothelial cell (TEC) is another TME component that demonstrate distinct phenotypes from their normal counterparts. First, TECs usually have irregular shape and size [51] ; second, TECs have distinct responsiveness to EGF, adrenomedullin and VEGF compared with normal endothelial cells [52] [53] [54] . Through a bidirectional interaction between tumor cells, TECs actively promote cancer metastasis [55] . Previous study also suggested that TECs isolated from highly metastatic tumors significantly enhanced the metastatic ability of weakly metastatic cancer cells in co-transplantation experiments [55] . Mechanistically, DNA demethylation in TECs causes upregulation and secretion of biglycan, which is a small leucine-rich repeat proteoglycan. Tumor cell migration is then activated by biglycan via NF-kB and extracellular signal-regulated kinase 1/2 (ERK1/2) [55] .
Double-edged cellular components
Previous study suggested that CD8 + CTLs are regulated by CD4 + T helper lymphocytes (Th), which are a class of heterogeneous cytokine secreting T lymphocytes in TME [15] . Th cells are critical for the immune response development against infection or malignancy [56] . In tumor context, Th can develop into Th1 and Th1 subtypes upon antigen activation, both of which are important for tumor progression. Th1 cells, which are characterized by the production of IL-2 and IFN-g, are associated with favorable clinical outcomes [15] . However, Th2 cells could have controversial effects on tumor progression [57] .
Tumor-infiltrating lymphocyte B (TIL B) cells play critical roles in regulating tumor progression in cooperating with other resident cells in the TME. TIL B cells was previously reported as the second-best immune cell predictor (after CD8 + TILs) of positive disease outcome in metastatic melanoma [58] . The presence of B cells was also correlated with reduced relapse rate and increased survival in cervical cancer and lung cancer, respectively [59] [60] [61] . However, preclinical studies also indicated some tumor-promoting roles of B cells [62, 63] . It is well characterized that TIL B cells can produce lymphotoxin, which is a survival factor that induce angiogenesis [64] . In prostate cancer models, the secreted lymphotoxin activates non-canonical and canonical NF-κB signaling and STAT3 in cancer cells, resulting in androgen-refractory growth and tumor progression [65] [66] [67] . Moreover, by upregulating IL-8, B cells can also promote bladder cancer metastasis through androgen receptor and MMP signaling pathways [68] . In summary, the TIL B cells play widely varied roles in tumor progression, and contribute to either tumor growth or antitumor immunity in different context.
Dendritic cells (DCs), which can uptake, process and present antigens, are characterized as one of the most potent antigen-presenting cells (APCs) [69] . They have been identified in the TME in many different cancer types with pivotal roles [70] . The tumor-infiltrating DCs (TIDCs) has been found to be correlated with good prognosis in some cancer types. For example, increased number of TIDCs infiltration in primary tumors has been shown to correlate with significantly longer patient survival and less incidence of metastatic disease in a variety of different cancer types [71] . However, due to the complexity of phenotype as well as the methods of identification, controversial results were shown in different studies. For instance, in colorectal carcinoma, patients with lower numbers of TIDCs have both better disease-free and overall survival [72] .
Although the presence of neutrophils in tumors often associates with poor prognosis, the contribution of tumorassociated neutrophils (TANs) to disease progression is unclear. Many studies indicated that TANs play a protumor role in cancer progression. For instance, Bekes et al.
showed that neutrophils produce MMP9 within the TME and contributes to angiogenesis, tumor progression, and metastasis in mouse transplantation models [73] . In contrast, other studies have suggested that TANs can play an anti-tumor role by activating the immune response against tumors and promoting tumor cell clearance [74] . Overall, the studies suggested that TANs display plasticity and can be polarized into either an anti-tumoral or protumoral phenotype depending on environmental factors.
Pericytes, also known as perivascular stromal cells, are an integral component of the tumor vasculature that provide structural support to blood vessels [75] . During tumor angiogenesis, the amount of pericytes that cover the vessels could vary dramatically. Clinical studies suggest that the pericyte coverage of tumor microvessels is correlated with cancer progression [76] . In melanoma and renal cell carcinoma, increased pericyte coverage is associated with aggressive clinicopathological features, resistance to therapy, and unfavorable clinical outcome of patients [77] . However, in bladder and colorectal cancers, low pericyte coverage of the vasculature correlates with poor prognosis and increased metastases [76, 78] . Consistently, recent studies reported that pericyte ablation leads to increased vessel permeability and poor vessel integrity, which inhibited tumor growth but also promoted blood vessel invasion and metastatic spread [79, 80] . These findings illustrate multi-faceted roles of pericytes in tumor progression.
Non-cellular components
Other than cytokines, chemokines, and growth factors that secreted by the cells discussed above, the major noncellular component of TME is the ECM. The ECM not only provides a physical scaffold for transformed and nontransformed cells but also directly regulates the homeostasis of TME and the progression of tumors. ECM is composed of a variety of proteins with distinct physical and biochemical properties, such as glycoproteins, proteoglycans, and polysaccharides [81] . All these proteins are deposited by both malignant and other cellular components in TME. During the progression of tumor, ECM changes dynamically in composition [82] . With a proteomics-based discovery approach, Naba et al. defined ECM signatures of poorly and highly metastatic mammary carcinomas [82] . It has been shown that in ER -/PR -breast cancer patients, higher expression of ECM proteins LTBP3 and SNED1 in TME is associated with worse prognosis [82] . On the other hand, ECM proteins that inhibit breast cancer progression and metastasis, and correlate with good prognosis in patients have also been identified, such as IGFBP4 and TINAGL1 [82, 83] .
Taken together, different TME components have distinct functions in tumor progression (Fig. 1) . Moreover, the function of each components could be context-dependent in different cancer types. Therefore, development of therapeutic approach targeting the TME needs to consider specific role of each TME component in a particular cancer type.
Treatment-induced TME remodeling
As mentioned above, TME has a variety of cellular and non-cellular components, which are dynamically changing during tumor progression. On the other hand, treatments aiming at inhibiting tumor progression also modulate the TME. The treatment-induced TME remodeling could either synergistically promote tumor cell elimination or cause therapy resistance and ultimately restore tumor progression (Fig. 2) .
Chemo-and radiotherapies
Although chemo-and radiotherapies have substantial adverse effects on cancer patients, they are still widely applied in cancer treatments especially for those diseases that effective targeted therapy has not been developed, such as triple-negative breast cancer and pancreatic cancer [84] . However, most of the cancers develop resistance to chemo-and radiotherapies at late stages [84, 85] . The mechanisms of the resistance are still largely unknown. A growing body of evidence suggests that chemo-and radiotherapies remodel TME, which in turn induces therapy resistance.
After chemotherapy, the damaged TME could undergo remodeling processes and become a tumor-promoting environment. Previous studies indicated that chemotherapy induces DNA damage-activated NF-κB pathway, which then upregulates the Wnt family member WNT16B. Increased WNT16B in TME activates the canonical Wnt signaling pathway in tumors and attenuates the effects of chemotherapy [86] . In mouse model studies, paclitaxel and doxorubicin treatments have been reported to increase the recruitment of TAMs in PyMT-MMTV mammary carcinoma, which then induces the treatment resistance [87, 88] . Similarly, gemcitabine treatment recruits more TAMs into TME with immune suppressive functions in mouse pancreatic cancer model [89] . It has also been shown recently that chemotherapy agents, such as paclitaxel and cisplatin, remodel TME by inducing Jagged1 expression in osteoblasts and mesenchymal stem cells, which feeds back to tumor cells to activate Notch signaling and promotes chemo-resistance [90] .
Similar to chemotherapy-induced treatment resistance, many aspects of the TME can render a tumor to become resistant to radiotherapy. Radiotherapy remodels TME by inducing endothelial cell dysfunction and damaging tumor vasculature, and therefore, resulting in hypoxia, which is a key regulatory factor in tumor growth [91, 92] . The crucial role of hypoxia in radiotherapy resistance has been well characterized [92, 93] . Similar to chemotherapy, radiotherapy also increases TAMs in TME, resulting in immunosuppression and tumor progression [94] .
Therapy-induced TME alterations are not always tumorpromoting. In some cases, chemo-and radiotherapies could foster anti-tumor activity by changing the TME. Gemcitabine and 5-fluorouracil (5FU) treatments were selectively cytotoxic on MDSCs and the elimination of MDSCs increased the activity of CD8 + cells [6] . Treatment of eribulin mesylate, which is a tubulin binding drug, inhibits tumor progression by increasing the vessels density and NK cell infiltration in TME [8] . Similarly, tumor irradiation could induce damage responses that change the predominant TME cytokine profile toward an immunostimulatory profile, leading to the immunogenic cell death of cancer cells [7, 95] .
Targeted therapy
Given that fact that more and more signaling pathways have been identified to be crucial for cancer progression and the key molecules in these pathways have been discovered, targeted therapies have been increasingly applied in cancer treatments. Many of the key molecule targets of such therapies are critical for TME assembling Fig. 2 Treatment-induced TME remodeling that inhibits tumor progression or promotes treatment resistance. Top: treatment-induced TME remodeling with tumor inhibitory effect: chemo-/radio-and some target therapies could increase CTL and NK cell infiltration or activities, and decrease MDSC number in TME; targeted therapy could downregulate Tregs and the expression of PD-L1 in TME; hormone therapy could modulate ECM by reducing MMP9 and collagen; and all three therapies could increase immunostimulatory cytokines in the TME. Bottom: TME remodeling-induced treatment resistance: chemo/radiotherapy could upregulate WNT and Notch signaling in tumor cells by increasing WNT16B secretion from CAF, or Jagged1 expression in MSC and osteoblasts; chemo/radiotherapy could also disrupt vessels to induce hypoxia; all three therapies could recruit more TAM into TME; and hormone therapy could increase expression of resistant-promoting cytokines, such as IL-1β. MSC, mesenchymal stem cell. and remodeling. Changing of the TME could significantly affect the efficacy of treatments, which either promote tumor regression or induce resistance.
Sorafenib is a small molecule inhibitor of several tyrosine protein kinases, such as VEGFR, PDGFR, and Raf family kinases [96, 97] , and has been approved for advanced renal carcinoma, hepatocellular carcinoma (HCC), and radioactive iodine resistant advanced thyroid carcinoma. Preclinical study with HCC mouse model revealed that sorafenib treatment increased the activation of NK cells in TME, thereby promoting tumor regression [98] . Similarly, it has been shown that treatment with sunitinib, another multi-target receptor tyrosine kinase inhibitor, significantly decreased the number of MDSCs and Tregs, and increased CTLs in TME [99] . Suh et al. demonstrated that treatment of afatinib and lapatinib, which are EGFR and HER2 inhibitors, suppressed both the PD-L1 expression and expression of cytokines, such as CCL2, CCL21, and CXCL1, in the TME [100] . Moreover, studies suggested that PARP inhibitor BMN673 increased the proportion of cytotoxic immune cells while simultaneously decreasing the proportion of immunosuppressive cells in BRCA-deficient ovarian cancer mouse [101] . Based on the promising results, there are several ongoing trials combining PARP and immune checkpoint inhibitors [102] .
In contrast to positive synergy shown in the examples above, target therapies have also been shown to modulate TME and resulted in a treatment resistant environment. For example, using the cis-Apc/Smad4 mouse model of locally invasive intestinal adenocarcinoma, Fujishita et al. found that mTOR inhibitors administration induced the activation of EGFR and MEK/ERK signaling in stromal cells, leading to treatment resistance [103] . In contrast to BRCA-deficient ovarian cancer model, olaparib and talazoparib, which are PARP inhibitors, upregulated PD-L1 expression via GSK3β signaling and induced an immune suppressive TME in breast cancer models [104] . In addition, therapeutic mAb cetuximab that targeted EGFR increased the tumor-promoting TAMs in TME and attenuated treatment responses [105] .
Hormonal therapy
Anti-estrogen hormone therapy is routinely applied as adjuvant treatment for breast cancer patients with estrogen receptor-α (ERα) positive tumors. However, a high percentage of patients develop resistance, and up to one third of them have cancer recurrence within 15 years [106] . Previous studies suggest that hormone therapy could modulate TME which then induces treatment resistance. Specifically, it has been observed that cytokine profile in the TME was changed upon ERα suppression, for example, IL-1β level is significantly unregulated [107] . In presence of IL-1β, tamoxifen acts as an agonist rather than an antagonist, and promotes tumor progression [108] .
Androgen deprivation therapy (ADT) is an effective treatment for initial suppression of prostate cancer progression. However, many patients develop ADT resistance which leads to the development of incurable disease. A growing body of evidence suggests that macrophages in TME are critical in promoting ADT resistance. For example, large numbers of TAMs were recruited to the TME shortly after ADT [109] [110] [111] . Moreover, the TAMs recruitment is associated with an increase in cancer cell proliferation [111, 112] . In contrast, abiraterone acetate (ABA), which is a steroidal CYP17A1 inhibitor and by extension androgen synthesis inhibitor, remodels TME to enhance treatment response. ABA administration blocks the deposition of collagen in TME in Pten-deficient prostate cancer model [113] . ABA treatment also alters cytokine and chemokine profiles, such as upregulating metalloproteinase 1 (mTIMP1), keratinocyte-derived chemokine (KC or termed mCXCL1), chemokine (C-X-C motif) ligand-2 (mCXCL2), thymus and activation regulated chemokine (TARC or termed mCCL17), and downregulating interferon γ-induced protein IP-10 (also called mCXCL10), macrophage inflammatory protein-1α (MIP-1α or mCCL3), macrophage inflammatory protein-1β (MIP-1β or mCCL4), and transforming growth factor β1 (mTGF-β1) [113] . Furthermore, ABA treatment decreases MMP9 expression in the TME of Pten null tumors in mice, and inhibits tumor progression [113] .
In conclusion, therapies that target cancer cells could change the TME composition profoundly, which in turn significantly affects the therapeutic efficacy (Fig. 2) . Given the critical roles of TME in tumor progression, the remodeling of TME upon treatment should be taken into consideration during cancer therapy.
Modulating TME to improve cancer therapy
As discussed above, TME is not only involved in tumor progression but also plays pivotal roles in cancer treatment responses. Moreover, cancer treatments could modulate TME to form a therapy-resistant niche and promote tumor progression. Therefore, there is increasing interest in targeting or remodeling the TME as a strategy to optimize therapeutic effects (Fig. 3) .
Immune-related strategies
The TME often limits infiltration of effector T cells into the tumors, and diminishes T cell expansion, or reduces the viability of CTLs [114] . Thus, TME provides an immune suppressive niche to help cancer cells escape from immune surveillance. To counter this, a variety of immunotherapies that remodel TME components have been developed and shown promising clinical outcomes.
Immune checkpoint blockade therapy, which employed antibodies that target CTLA-4 or the programmed cell death protein 1 pathway (PD-1/PD-L1), has demonstrated promising responses in many malignancies [115] . Given that costimulatory signals are critical for the T cell activation, the binding of B7-1 (CD80) or B7-2 (CD86) molecules on the antigen-presenting cells with CD28 molecules on the T cell provides such costimulatory signal to promote the proliferation and activation of T cells [116] . On the other hand, CTLA-4, which is a homolog of CD28 but with higher binding affinity, competes with CD28 to bind B7 [117, 118] . CTLA-4/B7 binding generates inhibitory signals that suppress the stimulatory signals from CD28/B7 interaction [119] . Similarly, as a member of B7/ CD28 family of costimulatory receptors, PD-1 inhibits the production of IFN-g, TNF-α, and IL-2, reduces T cell proliferation and survival upon binding to its ligands (PD-L1/2) [120] . In contrast to CTLA-4, which mainly functions to regulate the activation of T cells, PD-1 pathway induces immune suppression by regulating effector T cell activity. Specifically, PD-1 pathway induces T cell exhaustion, increases their apoptosis, decreases the proliferation of activated T cells, enhances the function of regulatory T cells, and restrains T cell activation and cytokine production [121] .
Preclinical studies suggest that CTLA-4 pathway blockade decreases tumor growth and improves survival [122] . Monoclonal antibodies that block CTLA-4 have been approved for melanoma and lung cancer, and are under clinical trials for other cancer types [123] . The mechanism through which anti-CTLA-4 antibodies inhibit tumor progression is still elusive. However, previous study suggested that CTLA-4 blockade therapy induced activation of CD4 + and CD8 + effector cells in TME in solid tumors [124] . For example, melanoma patients treated with anti-CTLA-4 monoclonal antibody have increased expression of HLA-DR, which is a marker of T cell activation, in both CD4
+ and CD8 + cells [125] . Moreover, mouse model studies indicate that Tregs in CTLA-4 deficient mice have impaired immune suppressive functions [126, 127] . Collectively, immune checkpoint blockade therapy with anti-CTLA-4 antibodies increases the effector T cell population and impairs the immune suppressive functions of Tregs in TME to inhibit tumor progression.
Similar to the success of anti-CTLA-4 therapy, targeting PD-1 pathway in melanoma and non-small cell lung cancer (NSCLC) also showed dramatic therapeutic efficacy in patients [123] . Antibodies against PD-1 or PD-L1 are also under clinical trials in many other cancer types [128] . Consistent with observations made in preclinical models, PD-1 immune checkpoint blockade therapy profoundly remodels the TME in cancer patients. In one of the recent studies, the authors performed extensive immunogenomic analyses on melanoma samples treated with anti-PD-1 therapy. 68 patients with advanced melanoma, whose diseases progressed on anti-CTLA-4 therapy or were anti-CTLA-4 therapy naïve were employed to characterize how tumor genomic and TME features changed over time after anti-PD-1 therapy [129] . The authors found that mutation and neoantigen load were reduced from baseline in TME among patients who were responding to the therapy [129] . Analysis of TME heterogeneity during therapy demonstrated differential clonal evolution within tumors and putative selection against neoantigenic mutations. Moreover, transcriptome analyses before and during anti-PD-1 therapy revealed that immune cell subsets, activation of specific transcriptional networks, and immune checkpoint genes were dramatically upregulated in TME of responders. Temporal changes in intratumoral T cell reporter repertoire also indicated the expansion of distinct T cell Fig. 3 Modulating TME to improve therapeutic responses. Immune-related strategies, such as immune checkpoint blockade, oncolytic virus, and oncolytic virus or vaccine based TAA delivery, could remodel TME by enhancing the activity of effector T cells, such as CTL, decreasing the activity of Tregs, and increasing tumor killing cytokines, such as INF-γ and TNF-α. Nanoparticles could modulate TME by disrupting or remodeling vessel growth to inhibit tumor growth or enhance drug delivery respectively. Nanoparticles could also target CAFs to decrease Wnt16 secretion. Moreover, nanoparticles conjugated with recombinant human hyaluronidase PH20 could digest ECM to improve drug delivery and reduce hypoxia. Other strategies such as nanoparticles loaded with laminin-mimic peptide could also mimic and reinforce ECM to prevent dissemination of tumor cells. TAA, tumor-associated antigen; NPs, nanoparticles.
clones in the TME in the setting of neoantigen loss [129] . The study demonstrates a dramatic remodeling upon anti-PD-1 therapy and provides insight into the mechanism of action.
Other than inhibiting immune inhibitory pathways to increase the activity of specific immune populations in TME, strategies that enhance the general immunogenic property of TME have also been employed, such as oncolytic viral therapy and vaccine based cancer therapies. Oncolytic viral therapy, which aims to use virus to infect cancer cells and destroy them by oncolysis, not only causes direct tumor cell destruction but also stimulates anti-tumor immune responses. Talimogene laherparepvec is the first oncolytic herpes virus that has been approved for the treatment of advanced inoperable melanoma. Previous studies demonstrated that oncolytic viruses can be modified to encode numerous immune enhancing cytokines, including IL-2, IL-12, and IFN-g [130] . On the other hand, Mastrangelo et al. demonstrated that JX-594, which is an oncolytic virus expressing granulocyte macrophage colony-stimulating factor (GM-CSF), significantly increased the CD4 + and CD8 + T infiltration in a phase I clinical trial in patients with refractory melanoma [131] [132] [133] . In line with the results, intratumoral injection of the oncolytic herpes simplex virus expressing GM-CSF in melanoma patients resulted in the generation of systemic tumor antigen-specific T-lymphocyte responses, as well as decreases in Tregs [134, 135] .
In parallel, oncolytic viruses as vectors for expression of tumor-associated antigen (TAA) have also been employed. Preclinical studies indicated that intratumoral subcutaneous priming and intratumoral boosting was obtained with the delivery of recombinant vaccinia virus expressing TAA [136, 137] . Several clinical trials are undergoing and support the advantages of intratumoral poxviruses expressing TAA [138, 139] . In summary, the studies indicate that oncolytic viruses can be used as tools to modify the immunological components of the TME to improve the outcomes of cancer therapy.
The concept of vaccine-based cancer therapy is similar to oncolytic viral therapy. Vaccines are made up of cancer cells, parts of cells, or pure antigens to transform the TME to support an improved antigen presentation and generation of immune responses that are specific to immunogenic TAA. Sipuleucel-T, which is the first FDA approved vaccine for metastatic prostate cancer treatment, is a good example for this category. Sipuleucel-T was designed to stimulate immune response to prostatic acid phosphatase in patients, which in turn eliminate prostate cancer cells [140] .
Nanoparticle-based strategies
Due to the fast developing of nanomedicine technology, strategies that utilize nanoparticles (NPs) to remodel TME in order to improve the treatment responses are also under development.
The abnormality of the vascular system is one of the major features of TME, which promotes tumor progression and is a major hurdle for effective drug delivery. It has been well demonstrated that abnormal tumor vessels often grow rapidly to meet the nutrient demand to maintain tumor progression [141] . In this regard, disrupting the abnormal vascular system in TME could deplete the nutrition supply and induce tumor regression. To this end, technologies that disrupt tumor vascular system with NPs have been developed. In a previous study, vinyl azide was loaded into RGD-modified hollow copper sulfide NPs to generate a near-IR (NIR) laser-activated "nanobomb." N2 bubbles were released from the vinyl azide on NIR irradiation due to the increased local temperature at the tumor sites. The bubbles were then exploded in the tumors, resulting in disruption of the neovasculature, leading to tumor regression [142] . However, this method could also disrupt normal vessels and has significant off-target toxicity. To achieve tumor-specific vascular disruption, PEGylated gold NPs modified with a tumor neovasculature-targeting ligand (RGD) have been developed. RGD-guided specific tumor vascular damage was observed and off-target toxicity was dramatically reduced [143] . In parallel, NPs that facilitates drug delivery in solid tumors by normalizing tumor vessels are also under developing. NPs that normalize vascular in TME could also change the hypoxia status, and therefore, inhibit abnormal angiogenesis and tumor growth [12] .
CAFs represent one of the major tumor-promoting stromal components in TME. Several recent studies have aimed to design NPs to target CAFs [144] [145] [146] . Wnt16 secreted by CAFs has been reported to be critical for the treatment resistance [144] . To downregulate Wnt16, liposome-protamine-hyaluronic acid (LPH) NPs loaded with anti-Wnt16 siRNAs were delivered to TME in a bladder carcinoma model to inhibit tumor progression [144] . Quercetin, which is a dietary flavonoid, can also decrease the expression of Wnt16. Delivery of quercetin that is loaded on lipid-calcium-phosphate NPs to the TME also enhanced the therapeutic efficacy [145] .
As mentioned above, the tumor ECM, which is composed of a number of secreted proteins, creates an integrated 3D macromolecular network to regulate tumor progression and metastasis. ECM could also behave like a barrier to prevent drug penetration. Specifically, animal model experiments showed that mice with ECM-rich A549 tumors have significant less Cy5.5-labled glycol chitosan NPs infiltration than ECM-less SCC7 tumors [147] . Treatment with hyaluronidase (HAase), which disrupts ECM, dramatically increased the penetration of Cy5.5-labled glycol chitosan NPs in ECM-rich A549 tumors [147] . Inspired by the findings, recombinant human HAase PH20 was conjugated on the surface of poly (lactic-co-glycolic acid) (PLGA) NPs to modulate ECM. The study revealed that PH20 conjugated NPs treatment achieved significantly improved distribution of NPs in 4T1 breast cancer xenograft mice due to ECM degradation and increased interstitial diffusion in solid tumors [148] . Interestingly, delivery of the NPs could also increase tumor vessel density, thereby increasing drug delivery efficacy and enhancing therapeutic effects [149] .
ECM serves as a barrier to prevent not only drug penetration but also tumor cell invasion and metastasis. To overcome the obstacles of the ECM, tumor cells need to overexpress certain proteolytic enzymes, such as MMPs [150] . Based on this observation, several groups are developing NPs to mimic and reinforce ECM in the TME to inhibit metastasis. For example, to prevent tumor invasion and metastasis, a transformable laminin-mimic peptide (BP-KLVFFKGGDGRYIGSR) was generated [151] . The BP motif of the peptide could self-assemble onto NPs due to the strong hydrophobic interactions. Because of the similarity with natural laminin, the peptides on the NPs could readily transform into nanofibers around the solid tumor upon binding to integrins and laminin receptors to form an artificial ECM [151] . The results indicated that the artificial ECM remained at the tumor site for a couple of days which significantly inhibited the lung metastasis in breast and melanoma tumor models [151] . The clinical utility of such therapeutic strategy remains to be tested in relevant clinical settings.
Therapy resistance is one of the most significant hurdles for curative cancer treatment. Given the critical importance of TME in tumor progression, immune-related and nanoparticle based strategies have been developed to modulate TME to minimize resistance and enhance therapeutic efficacy (Fig. 3) . With further optimization, these new therapeutic strategies may eventually lead to significant reduction of cancer related death.
Conclusions
Cancer progression is a systematic progress that both malignant cells and surrounding microenvironment are involved. Malignant cells and TME have profound impacts on each other during tumor progression. It has been well recognized that cancer therapies do not just destroy malignant cells, but also change the TME which then contribute to the success or failure of the treatments. Chemo-, radio-, targeted-, and hormone therapies could modulate TME in positive or negative ways, leading to either enhanced anti-tumor activity or, in contrast, a more favorable environment for tumor growth. Due to the importance of TME in tumor progression and therapeutic resistance, strategies that remolding TME have been developed to improve cancer therapy. Although these strategies, most notably the immune checkpoint blockade therapy, have promising outcomes in some cancer types, there are still many patients who do not response to the treatment or develop resistance. Moreover, oncolytic virusand cancer vaccine-based therapies that aim to boost immune response in TME could also encounter de novo or acquired resistance.
Tumor and TME dynamically interact, communicate, and regulate each other during treatments, which makes it exceedingly difficult to achieve successful outcome with mono-therapy. A growing body of evidence indicates that applying multiple therapeutic approaches could complement each other to overcome the resistance. Given the accumulating knowledge on TME remodeling during tumor progression and treatment, the future looks promising for combining tumor-specific treatments with TME targeting agents to achieve effective control or cure of cancer.
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